Quality analysis of crustal tilt and strain observations in China's earthquakes in 2014  by Chen, Zhiyao et al.
w.sciencedirect.com
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 6 , 4 6 7e4 8 1Available online at wwScienceDirect
journal homepage: www.keaipubl ishing.com/en/ journals /geog;
http : / /www.jgg09.com/jweb_ddcl_en/EN/volumn/home.shtmlQuality analysis of crustal tilt and strain
observations in China's earthquakes in 2014Chen Zhiyaoa,b,c,*, Lǖ Pinjia,b,c, Tang Leid
a Institute of Seismology, China Earthquake Administration, Wuhan 430071, China
b Crusal Movement Laboratory, Wuhan 430071, China
c Wuhan Base of Institute of Crustal Dynamics, China Earthquake Administration, Wuhan 430071, China
d Key Laboratory of Crustal Dynamics, Institute of Crustal Dynamics, China Earthquake Administration, Beijing
100085, Chinaa r t i c l e i n f o
Article history:
Received 15 May 2015
Accepted 4 July 2015
Available online 7 January 2016
Keywords:
Crustal tilt observation
Crustal strain observation
Observation quality
M2 tidal wave amplitude factor
Mean error in M2 tidal wave ampli-
tude
Relative mean error in M2 tidal wave
amplitude
Relative noise level
Self-calibration internal precision* Corresponding author. Institute of seismol
E-mail address: chenzy@eqhb.gov.cn (Ch
Peer review under responsibility of Instit
Production and Hosting by Elsev
http://dx.doi.org/10.1016/j.geog.2015.12.007
1674-9847/© 2016, Institute of Seismology, Ch
Communications Co., Ltd. This is an open accea b s t r a c t
This work analyzes the quality of crustal tilt and strain observations during 2014, which
were acquired from 269 sets of ground tiltmeters and 212 sets of strainmeters. In terms of
data quality, the water tube tiltmeters presented the highest rate of excellent quality,
approximately 91%, and the pendulum tiltmeters and ground strainmeters yielded rates of
81% and 78%, respectively. This means that a total of 380 sets of instruments produced
high-quality observational data suitable for scientific investigations and analyses.
© 2016, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Overview of China's monitoring network
for earthquake tilt and strain
Crustal tilt observations are used tomonitor themovement
and evolution of the Earth's crust, and to track the rate and
direction of the crustal tilt and the dynamic variation
(disturbance, pulse, and distortion) of the tidal wave form. Theogy, China Earthquake Ad
en Z.).
ute of Seismology, China
ier on behalf of KeAi
ina Earthquake Administra
ss article under the CC BYobservation also monitors the systematic deviation of the
tidal amplitude factor due to changes in the physical proper-
ties of the crustal rocks (eg, spreading and irregular occur-
rence of cracks), and provides earthquake prediction studies
with the rates of change and direction transition of non-tidal
deformations, and the dynamic and temporal variation in the
tidal amplitude factor [1]. The purpose of crustal strain
observation is to monitor continuous changes in the crustalministration, Wuhan 430071, China.
Earthquake Administration.
tion, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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movements, solid tides, and similar concerns; monitoring
co-seismic changes to study the focal process, stress
triggering, Earth's free oscillation, and other matters;
monitoring post-seismic changes to study subsequent
earthquakes and slow earthquakes [2].
China's efforts in crustal tilt and strain observations star-
ted in the 1970s, and they transitioned fromanalog to digital to
networked [3]. The distribution of China's monitoring network
is based on the active blocks of the continent and their
boundary zones, and it is characterized by relative
concentrations of earthquake-prone tectonic positions and
light setup in weakly seismic and aseismic regions. The
eastern and coastal areas have relatively concentrated
monitoring sites, but more dense layouts are used around
the national capital region and the northern and southern
earthquake zones. The monitoring sites for crustal tilt and
strain observations are generally located on either side of an
active fault zone. They are established far from sources of
interference such as vibrations, load fluctuation, and
changes in hydrogeological environment. There are two
types of monitoring sites, caves (including air-raid shelters)
and underground boreholes. The requirements for the
monitoring caves include a distance of 500 m away from a
fault fracture zone, a hard, intact, compact, and
homogeneous foundation rockmass, a cover thickness of
40 m, and an insulation design that generates daily and
annual variation in temperature of less than 0.03 C and
0.5 C, respectively. The underground boreholes must stay
away from condensed sections of rock fractures, dikes,
lenticles, and water-rich aquifers, with their downhole
detectors needed to be mounted at a depth no less than
40 m, usually between 60 and 100 m [4].
China's monitoring network for earthquake tilt and
strain is distributed throughout the provincial-level regions
in the country. It consists of national-, provincial-, and city-
level monitoring sites. By 2014, there were 194 crustal tilt
observation sites with 310 sets of relevant instruments and
160 crustal strain observation sites with 245 sets of moni-
toring instruments. These instruments include water tube
tiltmeters, horizontal pendulum tiltmeters, vertical
pendulum tiltmeters, and cave strain extensometers that
are used in the monitoring caves, and vertical pendulum
tiltmeters, volume strainmeters, and component strain-
meters that are used in borehole stations. The distribution
of all the monitoring sites is shown in Fig. 1.2. Observation of crustal tilt and strain and
data output
Measurements of solid tides are important for testing
various Earth models and studying Earth's internal structures.
Observations of tidal deformation anomalies before earth-
quakes can also provide significant data for earthquake pre-
diction. Ever since Beaumont and Berger proposed using tidal
admittance for earthquakeprediction in1974, the importance of
observing solid tideshasbeengiven close attention in studies of
earthquake prediction [5]. The amplitude and frequency of
crustal movement scatter within broad ranges, with crustalstrain accumulating to 104 by pre-seismic tectonic stresses
lasting several years to decades, resulting in a strain rate up to
105 per year that varies over space and time. The minimum
strain rate of typical crustal deformations is approximately
106 per year, and the corresponding value is 108 per year in
strain tides induced by the movements of celestial bodies, and
strain induced by high-frequency fault activities during
earthquakes is on the order of 108 to 109 per year. For these
reasons, an observation precision on the order of 109 to 1010
is necessary for using observational data to deliver
information about ground tilt arising from crustal
deformation and imminent precursor changes in the tidal
factor of a tilting solid tide. A similar level of precision is
desirable for strain observation.
Currently, the resolution of the tiltmeters used at the
monitoring sites across the country falls within a range of
(0.2e0.5)  103 00, and that of the strainmeters within a range
of [1e5]  1010. The instruments have a dynamic range of
80 db, a digital data sampling rate generally on the order of a
minute with some of a second. These features enable precise
recording of solid tides and of certain high-frequency infor-
mation. Fig. 2 exhibits the observation curves of tilt and strain
solid tides and tiltmeter-recorded high-frequency disturbance
information about typhoons.
The observation data that are collected in quasi-real time
and transmitted in the network frame are developed into
products at the data center of the seismological station
network. Routine data products and large-earthquake emer-
gency output are available. These products are now accessible
online at thewebsites of China's Crustal DeformationNetwork
Center and National Earthquake Precursory Network Center.
The regularly generated routine data products include [1]:
time-series data averaged over minute, hour, and day
intervals of all the components of pre-processed tilt and
strain observations [2], strain-converted plane strain and
maximum and minimum principal strain at all the strain
monitoring sites [3], all the component parameters of the tilt
and strain observation tides [4], annual variations of each
observation datum [5], spatial distribution maps of tidal
parameter changes [6], spatial distribution maps of monthly
plane-strain variations [7], spatial distribution maps of
monthly variations in maximum principal strain [8], spatial
distribution maps of monthly variations in minimum
principal strain, (9) spatial distribution maps of monthly
variations in maximum shear strain, and others. Fig. 3
shows an example of the data products from the crustal tilt
and strain observation in some earthquakes in China.3. Evaluation indices of observation quality
The Crustal Deformation Network Center evaluated the
quality of the crustal tilt and strain observations from the 2014
earthquakes. The evaluations took the degree of responsive-
ness of the observations to the M2 tidal wave into account.
These include the mean error mg in the tilt M2 tidal wave
amplitude factor and the relative mean error sa/a in the strain
M2 tidal wave amplitude factor. They also took the long-term
stability of the observations into account. These factors
Fig. 1 e Distribution of China's monitoring network stations for crustal tilt and strain observation.
Fig. 2 e Tilt and strain observation curves. a e Observation of the north-south component of the water tube tiltmeter data
acquired in the Beijing National Earth Observatory between February 8 and 10, 2014, and those high-frequency spikes
superimposed on the solid tidal wave in the curve are a result of wind disturbance. b e Observation of Japan's March 11
Earthquake recorded at Baiyin Station in Gansu Province.
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internal precision of the four-component borehole strain.
(1) Mean error mg and relative mean error sa/a of the M2
tidal wave amplitude factor
Mean error of the M2 tidal wave amplitude factor, mg:
Applying Venedikov harmonic analysis to hourly observed
data collected during eachmonth, produced the observational
error relative to the theoretical value for thatmonth, expressedasmg-month [6].Amongthe12monthly results fromthemg-month
computation for 2014, the 6 months with the smallest north-
south components and the 8 months with the smallest east-
west components were selected. Then a weighted average of
the monthly mean values over these months was
determined. This was used to determine the mean error of
theM2 tidal wave amplitude factor for an instrument, namely
mg, for this year. The criterion used to determine whether the
observational data was excellent was mg  0.02 using this
index. The formula used to calculatemg is given below.
Fig. 3 e Routine monitoring data. a e Observation curve of annual variations in the hour data from the east-west component
of the water tube tiltmeters in Shiyan Station between July 1 of 2010 and June 30 of 2015. This curve shows a regular annual
variation which is high in winter and low in spring. b e Second-sampling data from the broadband vertical pendulum
tiltmeters in Huangmei Station recorded between September 12 and 17, 2014 and their frequency spectral analyses. Top:
observation data per second recorded by the broadband vertical pendulums during No. 15 typhoon “Kalmaegi”; Middle: high-
frequency variations after removing the solid tidal wave, revealing the spindle-shaped variations during the typhoon; Bottom:
spectral structure solved using short-time Fourier transform, with its 0.15e0.35 Hz segment indicating the relatively high
energy of the typhoon. c e Spatial distribution map of the monthly variations in the M2 tidal wave factor of the north-south
component in the horizontal pendulum tiltmeters observed in December of 2014. The sizes of the dots indicate themagnitude
of the variations in the tidal factor, and green, blue, and red dots represent slight, negative, and positive trends in the
variations, respectively. The monthly variations in the tidal factor were relatively small in northern China but relatively large
in Yunan Province, Lhasa in the Tibet Autonomous Region, and part of Gansu Province. The variations in the tidal factor were
usually related to stability of the crustal materials. Large variations in the tidal factor reflect relatively active crustal
deformation in the locality in that month, whereas small variations reflect relatively steady crustal deformation. d e Spatial
distributionmap of the monthly variations in themaximum principal strain recorded by the borehole strainmeters in October
of 2014. The maximum principal strain and its monthly variations at each station were calculated from the four-component
borehole strain. The tensional and compressional variations are indicated in red and blue, respectively, and the magnitude of
the variation is proportional to the size of the dot. Results show that the tensional variations in the borehole maximum
principal strain are frequent in the transborder region of Tibet, Shaanxi, and Gansu Provinces and in Yunnan and Sichuan
Provinces. In particular, the latter two provincial regions also have occasional compressional variations intermingling with
the major tensional variations, exhibiting a non-uniform crustal deformation feature in the locality. The other monitoring
sites for borehole strain across the mainland of China are mostly characterized by compressional variations in their
maximum principal strain, whereas minimal monthly variations occur in the eastern coastal regions.
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a: Venedikovharmonic analysiswas applied tohourly observed
data in each month to determine the relative error for that
month, which was the absolute error of the tidal wave ampli-
tude factor divided by the tidal factor, expressed as sa/amonth
[7,8]. Among the 12 monthly results from the sa/amonthcomputation for theyearof2014, the8monthswiththesmallest
north-south components and the 6 months with the smallest
east-west componentswereselected, andaweightedaverageof
the monthly mean values over these months was determined.
Thiswas used to determine themean error of theM2 tidal wave
amplitude factor for an instrument for this year. The criterion
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lent was sa/a  0.05 using this index. The formula used to
calculate the relative mean error sa/a is given below.
(2) Relative noise level M1
By calculating the mean square error of the difference
sequence of the daily mean values in a year, the relative noise
levelM1 of this sequence was determined. Unlike the observa-
tion sequence of the original daily mean values, the difference
sequence improves the data quality in terms of deviation de-
gree, discreteness, and concavity and convexity. Accordingly,
the mean square error of the daily mean values can be deter-
mined without being influenced by the systematic error. The
criteria for the annual relative noise level M1 to be considered
excellent for the crustal tilt and for the cave strain were
M1tilt  0.0200 and M1cave-strain  5  108, respectively. The
calculation formula for the relativenoise levelM1 isgivenbelow.
m1 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2ðN 1Þ
XN
t¼1

dmðtþ1Þ  dmt
2
vuut
Here, dmr is the data sequence of the daily mean values
(r ¼ 1, 2, 3,…; m ¼ 1, 2,…,12), N is number of data of the daily
mean values in the whole year.
(3) Self-calibration internal precision of the four-compo-
nent borehole strain
The correction coefficients, or the relative calibration co-
efficients, of all the four components, ki (i ¼ 1, 2, 3, 4), were
computed according to the self-consistency of the 1 þ 3 and
2 þ 4 orthogonal components of the horizontal four-compo-
nent strain [8]. The mean value and standard deviation were
then calculated from these correction coefficients ki. If the
self-calibration internal precision was no greater than 0.2,
the observational data were considered excellent. If all the
four-component correction coefficients were close to 1 inTable 1 e Quality of the data for the crustal tilt and strain obse
Observation item Number of
instruments
Indices of dat
Crustal tilt Horizontal pendulum
tilt observation
165 Mean square error o
factor mg; relative
noise level M1Vertical pendulum
tilt observation
Borehole tilt observation
Water tube observation 104 Mean square error o
tidal factor mg; relat
noise level M1
Crustal
Strain
Cave strain observation 102 Relative mean error
tidal factor sa/a; rela
noise level M1
Borehole volume strain
observation
64 Relative mean error
of tidal factor sa/a
Borehole component
strain observation
46 Relative mean error
sa/a; self-check inte
for relative calibrati
(four-component) bstrain observation, the instrument were believed to be in
good working order and the observational data of good
quality. The definition formula of self-calibration internal
precision is given below.
C95 ¼ 1
X
N95
jðS1 þ S3Þ  ðS2 þ S4Þj
1
2
X
N95
jS1 þ S2 þ S3 þ S4j
Here, N is the number of data points, S1-4 are the calibrated
values of the four components, the subscript “95” in C95 and N95
indicates that5%ofthedatapoints, i.e., badpoints,arediscarded.4. Evaluation of the quality of tilt and strain
observations in 2104
The instruments in the monitoring sites used for the
tilt and strain observations in the 2014 earthquakes are listed
in Appendix 1. The Crustal Deformation Research Center
examined and sorted all the observational data and then
calculated the precision calculation in terms of the quality
evaluation indices, the results are shown in Tables 1e7, and
the observation data from China's earthquake monitoring
network in 2014 are given in Appendix 2.
There were 23 sets of instruments that malfunctioned,
resulting in missing data, interruptions, abnormal observa-
tion, and other cases in which the data were invalid. These
instruments were not included in the calculation of precision.
Some other instruments newly installed in that year were also
excluded due to unstable data output or periods of observation
lasting nomore than 8months. Malfunctioning and otherwise
unsatisfactory instruments in 2014 are listed in Appendix 3.
Table 1 gives the overall results of the evaluation of the
quality of the tilt and strain observations of 2014 earthquakes.
The criteria for being considered excellent quality were as
follows: mean square error of the tilt tidal factor, mg  0.02;
relative noise level, M1  20 ms; the relative mean error of thervations in earthquakes in China in 2014.
a quality Results of evaluation
of data quality
Excellence rate
f tidal mg  0.02 for 86.06% of
all the data; M1  20 ms
(i.e., 0.0200) for 88.48% of
all the data
81.82%
f
ive
mg  0.02 for 98.08% of
all the data; M1  20 ms (i.e., 0.0200)
for 98.08% of all the data
91.2%
of
tive
sa/a  0.05 for 86.27% of
all the data;
M1  0.05  106 for 96.08%
of all the data
79.4%
sa/a  0.05  106 for 73.4%
of all the data
78.13%
of tidal factor
rnal precision
on
m  0.05  106 for 67.4%
of all the data;
b  0.2 for 79.5% of all the data
78.26%
Table 2 e Evaluation of the data precision for the water tube tiltmeter observations in 2014.
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
11001 Beijing Yanqing B DSQ 0.5924 0.0039 0.0011
11074 Beijing 7 DSQ 0.6431 0.004 0.0014
12007 Tianjin Xiaoxinzhuang A DSQ 0.6179 0.0022 0.0014
13004 Hebei Huailai 2 DSQ 0.6361 0.0016 0.0014
13009 Hebei Zhangjiakou 2 DSQ 0.6416 0.0021 0.001
13010 Hebei Yixian 8 DSQ 0.6433 0.0036 0.0026
13012 Hebei shexian a DSQ 0.6502 0.0018 0.0013
13019 Hebei Kuancheng 2 DSQ 0.7038 0.0026 0.0018
13026 Hebei Yongnian 1 DSQ 0.6875 0.0084 0.0035
14001 Shanxi Taiyuan 1 DSQ 0.6942 0.0031 0.0014
14004 Shanxi Daixian 1 DSQ 0.6551 0.0024 0.0022
14008 Shanxi Lishi 3 DSQ 0.5737 0.0016 0.001
14015 Shanxi Houma 1 DSQ 0.7198 0.0029 0.0018
15001 Inner Mongolia Hohehot A DSQ 0.6693 0.005 0.0058
15003 Inner Mongolia Halar 2 DSQ 0.6248 0.0025 0.0022
15004 Inner Mongolia Chifeng 2 DSQ 0.5997 0.0054 0.0043
15005 Inner Mongolia Wujiahe 9 DSQ 0.6590 0.0029 0.0014
15012 Inner Mongolia Ulan Hot 1 DSQ 0.5989 0.0036 0.0028
15014 Inner Mongolia Wuhai 4 DSQ 0.6385 0.005 0.0037
15015 Inner Mongolia Xishanzui 2 DSQ 0.6699 0.0088 0.025
15034 Inner Mongolia Baotou 2 DSQ 0.6269 0.0017 0.0013
21007 Liaoning Yingkou 1 DSQ 0.9665 0.0036 0.0023
21008 Liaoning Dandong 1 DSQ 1.1483 0.0094 0.0033
21010 Liaoning Chaoyang 1 DSQ 0.5939 0.0044 0.0051
21012 Liaoning Liaoyang 3 DSQ 0.7013 0.0058 0.0026
21018 Liaoning Tieling 1 DSQ 0.6541 0.0022 0.0024
21022 Liaoning Fushun 1 DSQ 0.5645 0.0024 0.0016
21074 Liaoning Nanshancheng 1 DSQ 0.6014 0.0034 0.0028
21105 Liaoning Beidaling 4 DSQ 0.5650 0.0019 0.0011
21107 Liaoning Shidonggou 1 DSQ 0.6632 0.0108 0.0049
22003 Jilin Shuangyang 1 DSQ 0.6020 0.0014 0.0015
22004 Jilin Changbaishan 1 DSQ 0.3964 0.0033 0.0035
22009 Jilin Yanbian 1 DSQ 0.5850 0.0034 0.0029
22015 Jilin Fengman 1 DSQ 0.5256 0.0058 0.003
22016 Jilin Panshi 1 DSQ 0.7207 0.0021 0.0034
23001 Heilongjiang Mudanjiang 2 DSQ 0.5850 0.0031 0.0114
23009 Heilongjiang Hegang 1 DSQ 0.6064 0.0023 0.0012
23013 Heilongjiang Yilan 2 DSQ 0.5796 0.0037 0.0025
23016 Heilongjiang Kiamusze 1 DSQ 0.6367 0.0053 0.004
31001 Shanghai Sheshan c DSQ 1.5405 0.004 0.0081
32016 Jiangsu Changshu 1 DSQ 1.0394 0.0037 0.0025
33005 Zhejiang Huzhou 2 DSQ 1.1527 0.0014 0.0027
33045 Zhejiang Dinghai 3 DSQ 3.1922 0.0035 0.0029
33093 Zhejiang Chujidonghe 2 DSQ 1.5605 0.0015 0.003
34006 Anhui Jingxian 1 DSQ 0.7595 0.0046 0.008
34013 Anhui Huaibei 1 DSQ 0.6865 0.0033 0.0062
34029 Anhui Sixian 1 DSQ 0.7389 0.0024 0.0013
35006 Fujian Fuzhou 4 DSQ 2.9003 0.0036 0.0043
35010 Fujian Nanping 3 DSQ 1.2350 0.0055 0.0134
36001 Jiangxi Nanchang 9 DSQ 0.7081 0.0069 0.0055
36002 Jiangxi Huichang 6 DSQ 0.8633 0.0063 0.0054
36004 Jiangxi Jiujiang 7 DSQ 0.7674 0.0098 0.0067
37001 Shandong Taian F DSQ 0.6050 0.002 0.0025
37002 Shandong Yantai 5 DSQ 3.0576 0.0037 0.0025
37005 Shandong Yancheng A DSQ 0.9467 0.0047 0.0029
41003 Henan Xingyang a DSQ 0.6850 0.0025 0.0034
41004 Henan Xinyang 1 DSQ 0.5823 0.0026 0.0032
41025 Henan Jiaozuo 1 DSQ 0.7194 0.02 0.0086
42003 Hubei Yichang 5 DSQ 0.6472 0.0035 0.002
42004 Hubei Macheng 3 DSQ 0.6447 0.0016 0.0017
42006 Hubei Huangmei 3 DSQ 0.6869 0.0054 0.0038
42092 Hubei Huangshi 2 DSQ 0.7301 0.003 0.0033
42095 Hubei Shizishan 1 DSQ 0.8014 0.0082 0.0077
42097 Hubei Shiyan 1 DSQ 0.6748 0.0014 0.0017
43001 Hunan Changsha 4 DSQ 0.6921 0.0036 0.0269
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Table 2 e (continued )
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
44005 Guangdong Shantou 5 DSQ 1.1042 0.007 0.0018
45007 Guangxi Wuzhou 1 DSQ 0.7391 0.0042 0.0024
50002 Chongqing Qianjiang 2 DSQ 0.7325 0.0044 0.0055
51005 Sichuan Nanshan 7 DSQ 0.7343 0.002 0.0013
51009 Sichuan Xiaomiao 1 DSQ 0.7078 0.0038 0.0067
51010 Sichuan Guza a DSQ 0.6832 0.006 0.0089
53001 Yunnan Kunming 4 DSQ 0.7235 0.0082 0.0044
53004 Yunnan Eryuan 1 DSQ 0.5998 0.0283 0.0158
53005 Yunnan Chuxiong 4 DSQ 0.6485 0.0054 0.0038
53006 Yunnan Yongsheng 4 DSQ 0.6527 0.0039 0.0047
53007 Yunnan Midu 5 DSQ 0.4067 0.0342 0.0053
53008 Yunnan Yunlong 1 DSQ 0.7103 0.0017 0.0014
53014 Yunnan Lijiang 1 DSQ 0.7141 0.003 0.0023
53021 Yunnan Yunxian 1 DSQ 0.6660 0.0052 0.0048
53022 Yunnan Zhaotong 2 DSQ 0.7193 0.006 0.0066
53056 Yunnan Mengla 1 DSQ 0.5849 0.0058 0.0063
53123 Yunnan Baoshanju 2 DSQ 0.6003 0.005 0.005
61001 Shanxi Xi'an 3 DSQ 0.8238 0.01 0.0115
61003 Shanxi Qianling e DSQ 0.5685 0.0017 0.0013
61025 Shanxi Huayin 2 DSQ 0.6998 0.0019 0.0018
61029 Shanxi Baoji 2 DSQ 0.6106 0.0026 0.0043
61057 Shanxi Hanzhong 2 DSQ 0.6233 0.0017 0.0012
61107 Shanxi Ningqiang 1 DSQ 0.5703 0.0042 0.0026
61117 Shanxi Pingli 1 DSQ 0.6624 0.0066 0.0081
62002 Gansu Shilidian 4 DSQ 0.6071 0.0038 0.0024
62039 Gansu Sunan 2 DSQ 0.7365 0.0016 0.0019
62100 Gansu Dangchang 2 DSQ 0.6782 0.003 0.0021
62108 Gansu Baiyin 2 DSQ 0.6956 0.0023 0.0017
62139 Gansu Jiangyuguan 2 DSQ 0.5949 0.0027 0.0029
63024 Qinghai Tongren 1 DSQ 0.7337 0.0064 0.0034
64002 Ningxia Yinchuan 6 DSQ 0.6194 0.0044 0.0028
64010 Ningxia Shizuishan 2 DSQ 0.7023 0.004 0.0042
64024 Ningxia Jingyuan 1 DSQ 0.6893 0.007 0.0043
65012 Xinjiang Wushi 5 DSQ 0.7080 0.002 0.0016
65015 Xinjiang Korla 8 DSQ 0.6722 0.0049 0.005
65047 Xinjiang Jinghe 1 DSQ 0.6639 0.0073 0.0033
65062 Xinjiang Fukang 0 DSQ 0.6152 0.0048 0.0039
65096 Xinjiang Yushugou l DSQ 0.6608 0.0018 0.0019
65102 Xinjiang Aletai 1 DSQ 0.6462 0.0027 0.0026
Table 3 e Evaluation of the quality of the horizontal pendulum tiltmeter observation in 2014.
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
11001 Beijing Yanqing W SSQ-2I 0.6759 0.0076 0.0024
12007 Tianjin Xiaoxinzhuang 1 SSQ-2I 0.7903 0.0061 0.003
13004 Hebei Huailai 1 SQ70D 0.7110 0.0027 0.001
13009 Hebei Zhangjiakou 1 SQ70D 0.5896 0.0051 0.0017
13013 Hebei Yangyuan 1 SQ70D 0.7084 0.0085 0.0026
13017 Hebei Fengning 6 SQ70D 0.6502 0.0072 0.0036
14001 Shanxi Taiyuan 3 SSQ-2I 0.5491 0.0057 0.004
14007 Shanxi Xiyang 1 SSQ-2I 0.6250 0.01 0.007
14008 Shanxi Lishi 1 SSQ-2I 0.5361 0.0034 0.0021
14014 Shanxi Linfen 4 SSQ-2I 0.6071 0.0045 0.0029
15003 Inner Mongolia Halar 1 SSQ-2I 0.5955 0.0053 0.0044
15005 Inner Mongolia Wujiahe 2 SSQ-2I 0.5849 0.0026 0.0012
15014 Inner Mongolia Wuhai B SSQ-2I 0.5619 0.0036 0.0032
15034 Inner Mongolia Baotou 3 SSQ-2I 0.5309 0.0018 0.0012
21004 Liaoning Shengyang 1 SSQ-2I 0.5346 0.0035 0.0014
21007 Liaoning Yingkou 5 SSQ-2I 0.8679 0.0057 0.0029
21105 Liaoning Beidaling 3 SSQ-2I 0.5870 0.0033 0.0017
31001 Shanghai Sheshan f SQ70D 1.4139 0.0148 0.019
(continued on next page)
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Table 3 e (continued )
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
33005 Zhejiang Huzhou 7 SSQ-2I 0.7796 0.0032 0.0033
33005 Zhejiang Huzhou 9 SSQ-2I 0.8424 0.0039 0.0022
33022 Zhejiang Haining 1 SSQ-2 1.2266 0.0097 0.0149
33043 Zhejiang Pingyang 1 SSQ-2 4.5991 0.002 0.0112
33045 Zhejiang Dinghai 1 SSQ-2I 3.6652 0.0018 0.0038
34009 Anhui Foziling 5 SSQ-2 1.2338 0.0203 0.0271
34013 Anhui Huaibei 4 SSQ-2I 0.6136 0.0029 0.0043
34029 Anhui Sixian 3 SSQ-2I 1.1139 0.0055 0.0081
37001 Shandong Taian I SSQ-2I 0.6541 0.0048 0.003
37002 Shandong Yantai 1 SSQ-2 2.8675 0.0021 0.0042
37005 Shandong Yancheng 4 SSQ-2I 1.3116 0.0034 0.0138
43001 Hunan Changsha 1 SSQ-2I 0.6905 0.0083 0.0195
53002 Yunnan Tengchong 6 SSQ-2 0.7884 0.0821 0.0236
53008 Yunnan Yunlong 3 SSQ-2 0.4967 0.0067 0.0039
53022 Yunnan Zhaotong 1 SSQ-2I 0.6839 0.0231 0.0264
53072 Yunnan Shipingju 1 SSQ-2 1.4500 0.0334 0.0214
63001 Qinghai Golmud 2 SSQ-2I 0.6507 0.0052 0.0069
63020 Qinghai Menyuan 5 SSQ-2I 0.7374 0.0029 0.0067
63026 Qinghai Ledu 3 SSQ-2I 0.5709 0.0176 0.0493
64002 Ningxia Yinchuan 1 SSQ-2I 0.7437 0.0061 0.004
65015 Xinjiang Korla 2 SQ70D 0.7097 0.0047 0.0045
65016 Xinjiang Laotai 3 SSQ-2I 0.6949 0.0053 0.0032
65023 Xinjiang Shichang 0 SQ70D 0.7861 0.0059 0.0039
65029 Xinjiang Aheqi f SQ70D 0.7941 0.0148 0.0075
65047 Xinjiang Jinghetai 2 SSQ-2I 0.6757 0.011 0.0052
65096 Xinjiang Yushugou 5 SQ70D 0.5915 0.0048 0.0039
65150 Xinjiang Balikun 1 SQ70D 0.6293 0.0164 0.0093
65151 Xinjiang Mulei 0 SQ70D 0.5439 0.0152 0.0113
Table 4 e Evaluation of the quality of the vertical pendulum tiltmeter observation in 2014.
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
11074 Beijing 4 VS 0.7020 0.0042 0.003
12007 Tianjin Xiaoxinzhuang C VS 0.5367 0.0036 0.0023
13004 Hebei Huailai 3 VS 0.6840 0.0047 0.0033
13009 Hebei Zhangjiakou 4 VS 0.8105 0.0034 0.002
13010 Hebei Yixian 2 VS 0.7226 0.0047 0.0023
13011 Hebei Chengde 1 VS 0.7662 0.0062 0.0014
13011 Hebei Chengde 5 VP 0.6138 0.0019 0.0016
13012 Hebei shexian b VS 0.7085 0.0027 0.002
13016 Hebei Chicheng 7 VS 0.7691 0.0086 0.0051
13017 Hebei Fengning 7 VP 0.5901 0.0058 0.0027
13019 Hebei Kuancheng 1 VS 0.6811 0.0029 0.0018
14004 Shanxi Daixian 8 VP 0.6103 0.0051 0.0081
14009 Shanxi Lingqiu 1 VP 0.7033 0.0066 0.0061
14014 Shanxi Linfen 5 VS 0.7077 0.0064 0.0063
21019 Liaoning Benxi D VP 0.5472 0.0057 0.0015
22003 Jilin Shuangyang 5 VP 0.5409 0.0068 0.0033
22015 Jilin Fengman 2 VS 0.5873 0.0101 0.0066
22016 Jilin Panshi 3 VS 0.7742 0.0038 0.007
23001 Heilongjiang Mudanjiang 1 VS 0.6989 0.0041 0.002
23009 Heilongjiang Hegang 2 VS 0.6007 0.0047 0.0019
31001 Shanghai Sheshan e VS 1.1909 0.0071 0.0053
32004 Jiangsu Xuzhou E VP 0.6144 0.0034 0.0029
32016 Jiangsu Changshu 3 VS 1.1176 0.0054 0.0038
33003 Zhejiang Ningbo 2 VS 1.2859 0.0024 0.0024
33005 Zhejiang Huzhou 0 VP 1.1636 0.0053 0.0023
33005 Zhejiang Huzhou 1 VS 0.5181 0.0041 0.0017
33006 Zhejiang Xinanjiang 2 VS 0.8431 0.006 0.003
33032 Zhejiang Yongjia 1 VS 2.3662 0.0023 0.0046
33058 Zhejiang Shaoxing 1 VS 0.9380 0.0081 0.0038
33059 Zhejiang Longquan 1 VS 1.0300 0.0097 0.0173
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Table 4 e (continued )
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
34009 Anhui Foziling 4 VP 0.5853 0.0121 0.0109
35004 Fujian Xiamen B VP 3.8308 0.0049 0.0041
35006 Fujian Fuzhou 3 VS 2.4108 0.0049 0.0069
35010 Fujian Nanping 2 VS 1.4926 0.0054 0.0115
35013 Fujian Longyan 5 VS 0.9347 0.0087 0.0102
36001 Jiangxi Nanchang 3 VS 0.7710 0.0085 0.0058
36002 Jiangxi Huichang 8 VS 0.5014 0.0031 0.0026
36004 Jiangxi Jiujiang 6 VS 0.5769 0.0081 0.0131
36006 Jiangxi Shangrao 1 VS 0.9939 0.0117 0.0071
37001 Shandong Taian D VS 0.7733 0.0041 0.003
37005 Shandong Yancheng 2 VS 1.0975 0.0222 0.0051
42003 Hubei Yichang 1 VS 0.6802 0.0055 0.002
42004 Hubei Macheng 1 VS 0.4268 0.0037 0.0036
42095 Hubei Shizishan 3 VS 0.7109 0.0105 0.0105
44005 Guangdong Shantou 1 VS 1.1975 0.0073 0.0036
44019 Guangdong Xinyi 1 VS 1.0073 0.0124 0.0123
44025 Guangdong Shaoguan 2 VS 0.7337 0.0094 0.0122
45002 Guangdong Lingshan 0 VS 0.5255 0.015 0.0077
45004 Guangxi Pingxiang 0 VS 0.8356 0.0111 0.0065
50002 Chongqing Qianjiang 3 VS 0.5544 0.0044 0.0023
51003 Sichuan Songpan 3 VS 0.5673 0.007 0.0055
51005 Sichuan Nanshan 5 VS 0.6482 0.0051 0.0035
51009 Sichuan Xiaomiao 5 VS 0.7453 0.0046 0.0055
51010 Sichuan Guzan 1 VS 0.7245 0.0022 0.0027
51014 Sichuan Kangding 1 VS 0.5029 0.004 0.0099
51017 Sichuan Xiangcheng 1 VS 0.9942 0.0092 0.0124
51053 Sichuang Malanshan 1 VS 0.4816 0.0065 0.007
53005 Yunnan Chuxiong 1 VS 0.4529 0.0091 0.0057
53006 Yunnan Yongsheng 1 VS 0.5118 0.0052 0.0042
53010 Yunnan Tonghai 8 VS 0.7135 0.0151 0.0078
53021 Yunnan Yunxian 5 VP 0.6058 0.0068 0.005
53056 Yunnan Mengla B VP 0.6460 0.0046 0.0045
53108 Yunnan Menglianju 1 VS 0.6853 0.0103 0.0067
61001 Shanxi Xi'an 2 VS 0.3122 0.0209 0.0148
61013 Shanxi Qianling 1 VS 0.4409 0.002 0.0023
61012 Shanxi Ningxia 1 VS 0.6919 0.0058 0.0035
61013 Shanxi Ankang 1 VS 0.5409 0.0083 0.0096
61025 Shanxi Huayin 1 VS 0.7614 0.0047 0.0017
61057 Shanxi Hanzhong 1 VS 0.6968 0.0042 0.0051
63020 Qinghai Menyuan VP 0.0041 0.0056
64024 Ningxia Jingyuan 3 VS 0.9048 0.0153 0.0081
Table 5 e Evaluation of the quality of the borehole pendulum tiltmeter observation in 2014.
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
4001 Beijing Changping 2 CZB-2A 1.1962 0.0109 0.0078
13124 Hebei Tangshan 2 CZB-1 0.4608 0.0202 0.0148
21021 Liaoning Jinzhou 2 CZB-1 0.7884 0.0126 0.0034
21055 Liaoning Haicheng 1 CZB-2A 0.6625 0.0076 0.0026
21081 Liaoning Changtu 4 CZB-2A 0.6020 0.007 0.0026
31001 Shanghai Sheshan 2 CZB-2A 0.4700 0.0064 0.0022
31049 Shanghai Zhashan 1 CZB-2A 3.1768 0.0106 0.0462
32004 Jiangsu Xuzhou 3 CZB-2A 0.5504 0.0118 0.006
32039 Jiangsu Jiangning 2 CZB-2A 0.7295 0.0094 0.0023
37014 Shandong Rongcheng 3 CZB-2A 2.1597 0.0049 0.01
41003 Henan Xingyang d CZB-2A 0.3460 0.005 0.0163
42002 Hubei Jiufeng 4 CZB-2A 0.2099 0.0029 0.0053
51012 Sichuan Ganzi 4 CZB-2A 0.1624 0.0043 0.0018
62001 Gansu Lanzhou A CZB-1 0.9265 0.0149 0.007
62003 Gansu Gaotai 3 CZB-2A 1.0965 0.0143 0.006
62013 Gansu Wushan 1 CZB-2A 0.6494 0.0055 0.0022
62059 Gansu Liangshui 3 CZB-2A 0.6809 0.0092 0.0033
(continued on next page)
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Table 5 e (continued )
Station ID Station name Point ID Instrument model Tidal factor g Mean square error Mg Relative noise level M1
63010 Qinghai Delhi 2 CZB-2A 0.8994 0.0053 0.0183
63018 Qinghai Huangyuan 5 CZB-2A 0.4998 0.0025 0.0082
63421 Ningxia Xiaoshan 1 CZB-2A 0.7621 0.0034 0.0034
65011 Xinjiang Hetian 4 CZB-2A 0.6922 0.0209 0.0117
65018 Xinjiang Fuyun 2 CZB-2A 0.6972 0.0044 0.0123
65050 Xinjiang Atushi 1 CZB-1 0.5050 0.0213 0.0228
65084 Xinjiang Dongfeng 1 CZB-2A 0.5722 0.0085 0.0038
65097 Xinjiang Kashi 1 CZB-2A 0.6549 0.0238 0.0438
65125 Xinjiang Karamay 1 CZB-2A 0.5829 0.0096 0.02
65167 Xinjiang Yangxia 1 CZB-2A 0.6818 0.02 0.0141
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cave strain,M1 0.05 106; self-calibration internal precision
of the four-component borehole strain, b  0.2. In total, there
were 269 sets of tiltmeters and 212 sets of strainmeters
included in this evaluation, the results of which are shown in
Tables 2e8 for each specific index.
As shown in Table 1, the water tube tiltmeters yielded a
high excellent rate of approximately 91% for their outputTable 6 e Evaluation of the quality of the cave strain observati
Station ID Station name Point ID Instrument mode
11001 Beijing Yanqing A SS-Y
11074 Beijing 8 SS-Y
12007 Tianjin Xiaoxinzhuang B SS-Y
13004 Hebei Huailai 4 SS-Y
13009 Hebei Zhangjiakou 3 SS-Y
13010 Hebei Yixian 3 SS-Y
13012 Hebei shexian c SS-Y
13019 Hebei Kuancheng 3 SS-Y
13026 Hebei Yongnian 2 SS-Y
14001 Shanxi Taiyuan 2 SS-Y
14004 Shanxi Daixian 2 SS-Y
14008 Shanxi Lishi 5 SS-Y
14015 Shanxi Houma 2 SS-Y
15001 Inner Mongolia Hohhot B SS-Y
15003 Inner Mongolia Hailaer 3 SS-Y
15004 Inner Mongolia Chifeng 1 SS-Y
15005 Inner Mongolia Wujiahe 8 SS-Y
15012 Inner Mongolia Ulanhot 2 SS-Y
15014 Inner Mongolia Wuhai 5 SS-Y
15015 Inner Mongolia Xishanzui 1 SS-Y
15034 Inner Mongolia Baotou 1 SS-Y
21007 Liaoning Yingkou 2 SS-Y
21008 Liaoning Dandong 2 SS-Y
21010 Liaoning Chaoyang 2 SS-Y
21018 Liaoning Tieling 2 SS-Y
21022 Liaoning Fushun 2 SS-Y
21074 Liaoning Nanshancheng 5 SS-Y
22003 Jilin Shuangyang 2 SS-Y
22004 Jilin Changbaishan 2 SS-Y
22009 Jilin Yanbian 3 SS-Y
22015 Jilin Fengman 0 SS-Y
23001 Heilongjiang Mudanjiang 3 SS-Y
23009 Heilongjiang Hegang 3 SS-Y
23013 Heilongjiang Yilan 3 SS-Ydata, that the pendulum tiltmeters produced an excellent
rate of approximately 81%, and that the rate of the ground
strainmeters was above 78%. These results mean that, in
2014, more than 380 sets of monitoring instruments
produced high-quality observational data suitable for studies
and analyses. The calculation results of ground tilt
observation are listed in Tables 2e5; and the calculation
results of strain observation are listed in Tables 6e8.on in 2014.
l Tidal factor
a
Relative mean error
sa/a
Relative noise level M1
0.8624 0.0205 0.0049
0.6192 0.0175 0.0037
0.8971 0.0212 0.0026
0.7297 0.023 0.0071
0.5912 0.0138 0.0028
0.6448 0.0119 0.0033
1.0303 0.0115 0.0053
0.5278 0.0161 0.0039
0.4322 0.0662 0.0166
1.1100 0.041 0.0121
0.3992 0.0174 0.0052
0.6650 0.0111 0.0039
0.4113 0.0262 0.0054
0.2478 0.0793 0.01
0.4143 0.0803 0.0059
0.4847 0.0885 0.0298
0.5363 0.0224 0.0031
0.6475 0.0254 0.0087
0.6642 0.0303 0.0113
0.2762 0.0337 0.0078
1.4739 0.0052 0.0043
1.3831 0.0089 0.0044
0.8970 0.0107 0.0052
0.9379 0.0236 0.0163
0.4639 0.0078 0.0032
0.6126 0.0109 0.007
0.7819 0.0095 0.0011
0.3230 0.0231 0.0036
0.8269 0.0329 0.0573
0.1327 0.1112 0.0042
0.6219 0.0152 0.002
0.5928 0.025 0.0029
0.4043 0.0207 0.0015
0.6581 0.0219 0.0052
Table 6 e (continued )
Station ID Station name Point ID Instrument model Tidal factor
a
Relative mean error
sa/a
Relative noise level M1
31001 Shanghai Sheshan a SS-Y 0.8586 0.0145 0.0218
32016 Jiangsu Changshu 2 SS-Y 0.6145 0.0195 0.0095
33005 Zhejiang Huzhou 3 SS-Y 0.9237 0.0065 0.0059
33045 Zhejiang Dinghai 2 SS-Y 1.5342 0.0047 0.0028
33093 Zhejiang Chujidonghe 1 SS-Y 1.0749 0.008 0.0199
34006 Anhui Jingxian 2 SS-Y 0.6857 0.0231 0.0201
34013 Anhui Huaibei 2 SS-Y 0.5814 0.0128 0.0065
34029 Anhui Sixian 2 SS-Y 0.4401 0.0136 0.0107
35004 Fujian Xiamen 4 SS-Y 1.1353 0.0098 0.006
35006 Fujian Fuzhou 5 SS-Y 0.7991 0.0432 0.0078
35008 Fujian Zhangzhou 0 SS-Y 0.8037 0.0138 0.0073
36001 Jiangxi Nanchang H SS-Y 1.2321 0.0144 0.0099
36002 Jiangxi Huichang 7 SS-Y 0.6453 0.0161 0.0084
36004 Jiangxi Jiujiang 8 SS-Y 0.6841 0.0315 0.026
37001 Shandong Taian G SS-Y 0.7784 0.0079 0.0068
37002 Shandong Yantai 6 SS-Y 1.5270 0.0084 0.0036
37005 Shandong Yancheng C SS-Y 0.9971 0.0112 0.0088
41003 Henan Xingyang b SS-Y 0.4878 0.0086 0.0073
41004 Henan Xinyang 2 SS-Y 1.0245 0.0078 0.0107
42003 Hubei Yichang 7 SS-Y 0.6310 0.0044 0.0017
42004 Hubei Macheng 4 SS-Y 0.7210 0.0076 0.0038
42006 Hubei Huangmei 4 SS-Y 0.3615 0.0174 0.0038
42092 Hubei Huangshi 3 SS-Y 0.4072 0.025 0.0164
42095 Hubei Shizishan 4 SS-Y 0.4733 0.0508 0.0155
42097 Hubei Shiyan 2 SS-Y 0.6955 0.01 0.0047
43001 Hunan Changsha 5 SS-Y1 0.5938 0.0253 0.0126
44005 Guangdong Shantou 3 SS-Y 0.9861 0.0171 0.0026
45007 Guangxi Wuzhou 0 SS-Y 0.5959 0.0356 0.0065
50002 Chongqing Qianjiang 1 SS-Y 0.9852 0.0306 0.0104
51005 Sichuan Nanshan 8 SS-Y 0.1941 0.0583 0.0018
51009 Sichuan Xiaomiao 2 SS-Y 0.4447 0.0353 0.0347
51010 Sichuan Guzan c SS-Y 0.7784 0.0102 0.0042
53001 Yunnan Kunming 5 SS-Y 0.3989 0.0693 0.0165
53004 Yunnan Eryuan 2 SS-Y 1.0160 0.0375 0.0419
53005 Yunnan Chuxiong 5 SS-Y 0.6769 0.0118 0.0191
53006 Yunnan Yongsheng 5 SS-Y 0.7466 0.0042 0.0074
53008 Yunnan Yunlong 2 SS-Y 0.8982 0.0049 0.0033
53014 Yunnan Lijiang 2 SS-Y 0.3338 0.0486 0.012
53021 Yunnan Yunxian 2 SS-Y 1.2840 0.0168 0.0123
53022 Yunnan Zhaotong 3 SS-Y 0.7231 0.0251 0.0255
53056 Yunnan Mengla 2 SS-Y 0.7255 0.0155 0.0067
53123 Yunnan Baoshanju 3 SS-Y 0.6256 0.1671 0.0216
61001 Shanxi Xi'an 4 SS-Y 0.4050 0.0882 0.0437
61003 Shanxi Qianling f SS-Y 0.4552 0.0237 0.0029
61025 Shanxi Huayin 3 SS-Y 0.7650 0.0127 0.0026
61029 Shanxi Baoji 3 SS-Y 1.4613 0.0105 0.0184
61057 Shanxi Hanzhong 3 SS-Y 0.6704 0.0068 0.0035
61107 Shanxi Ningqiang 2 SS-Y 0.4862 0.0291 0.0053
61117 Shanxi Pingli 2 SS-Y 0.8253 0.0229 0.0128
62002 Gansu Shilidian 3 SS-Y 0.4698 0.0138 0.0024
62002 Gansu Shilidian 6 SS-Y 0.2815 0.0132 0.0026
62039 Gansu Sunan 1 SS-Y 1.1137 0.0084 0.004
62100 Gansu Dangchang 1 SS-Y 2.3912 0.0222 0.0084
62108 Gansu Baiyin 1 SS-Y 0.5948 0.0051 0.003
62139 Gansu Jiangyuguan 1 SS-Y 0.7538 0.0038 0.0117
63024 Qinghai Tongren 3 SS-Y 1.1418 0.02 0.0256
64002 Ningxia Yinchuan 7 SS-Y1 0.5369 0.048 0.0229
64010 Ningxia Shizuishan 1 SS-Y 0.6493 0.0344 0.0219
64024 Ningxia Jingyuan 2 SS-Y 0.7732 0.033 0.0077
65012 Xinjiang Wushi 6 SS-Y 0.5296 0.0165 0.0092
(continued on next page)
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Table 7 e Evaluation of the quality of the borehole strain observation in 2014.
Station ID Station name Point ID Instrument type Tidal factor
a
Relative mean error
sa/a
4001 Beijing Changping 1 TJ-Ⅱ 0.8148 0.0302
13004 Hebei Huailai 5 TJ-Ⅱ 1.0643 0.0333
13009 Hebei Zhangjiakou 5 TJ-1 0.3598 0.0202
13009 Hebei Zhangjiakou B TJ-Ⅱ 0.8029 0.0419
13010 Hebei Yixian 4 TJ-1 2.6325 0.0231
13019 Hebei Kuancheng 4 TJ-1 1.6984 0.0085
13124 Hebei Tangshan 1 TJ-1 0.7401 0.0487
13136 Hebei Handan 1 TJ-1 0.7483 0.0698
14001 Shanxi Taiyuan 4 TJ-Ⅱ 2.0241 0.0628
14004 Shanxi Daixian 6 TJ-Ⅱ 1.3576 0.0155
14013 Shanxi Datong 2 TJ-Ⅱ 1.4843 0.0213
14014 Shanxi Linfen 6 TJ-Ⅱ 1.2104 0.4576
15003 Inner Mongolia Hailaer 4 TJ-Ⅱ 0.5860 0.0270
15005 Inner Mongolia Wujiahe 3 TJ-Ⅱ 0.0648 0.0431
15014 Inner Mongolia Wuhai A TJ-Ⅱ 0.4352 0.0666
16006 Beijing Beida 1 TJ-Ⅱ 10.9918 0.1373
16007 Beijing Erzhangying 1 TJ-Ⅱ 23.9628 0.0168
16008 Beijing Tiantanghe 1 TJ-Ⅱ 22.0902 0.0268
21003 Liaoning Jinzhou 1 TJ-Ⅱ 1.8025 0.0119
21016 Liaoning Fuxin 4 TJ-Ⅱ 5.9882 0.2861
21021 Liaoning Jinzhou 1 TJ-1 1.0768 0.0266
21021 Liaoning Jinzhou 4 TJ-Ⅱ 1.7781 0.0294
21104 Liaoning Xiadahe 1 TJ-Ⅱ 0.3339 0.0513
23001 Heilongjiang Mudanjiang 4 TJ-Ⅱ 0.1388 0.1338
23057 Heilongjiang Tonghe 6 TJ-Ⅱ 0.6876 0.0085
32004 Jiangsu Xuzhou 1 TJ-Ⅱ 1.9528 0.0053
32011 Jiangsu Liyang 2 TJ-Ⅱ 1.8106 0.0097
32015 Jiangsu Lianyungang 1 TJ-Ⅱ 1.3756 0.0084
32016 Jiangsu Changshu 4 TJ-Ⅱ 1.0987 0.0126
33005 Zhejiang Huzhou 4 TJ-Ⅱ 0.1742 0.0390
33054 Zhejiang Dongyang 1 TJ-Ⅱ 1.0746 0.0247
34001 Anhui Hefei 4 TJ-Ⅱ 0.3089 0.1021
34002 Anhui Hefeixingbian 3 TJ-Ⅱ 0.0590 0.5370
34005 Anhui Huangshan 2 TJ-Ⅱ 1.2049 0.0435
34010 Anhui Jiashan 2 TJ-Ⅱ 1.1414 0.0157
35001 Fujian Quanzhou 3 TJ-1 2.7582 0.0066
35006 Fujian Fuzhou 2 TJ-Ⅱ 0.2473 0.1959
35015 Fujian Yongan 3 TJ-1 2.3314 0.0094
35054 Fujian Quanzhouju 5 TJ-1 3.9171 0.0037
36001 Jiangxi Nanchang 2 TJ-Ⅱ 0.6973 0.0187
37001 Shandong Taian L TJ-Ⅱ 2.1658 0.0074
37002 Shandong Yantai 2 TJ-Ⅱ 0.2215 0.0217
37005 Shandong Yancheng 9 TJ-Ⅱ 0.9307 0.0292
37016 Shandong Laiyang 1 TJ-Ⅱ 0.7182 0.0108
37019 Shandong Xianggongzhuang 3 TJ-Ⅱ 1.1588 0.0210
37030 Shandong Qingdao 1 TJ-Ⅱ 2.2435 0.0059
Shandong Rizhao 0.1167
37057 Shandong Laigang 1 TJ-Ⅱ 2.1032 0.0300
41002 Henan Zhengzhou 1 TJ-Ⅱ 0.0270 0.8931
51012 Sichuan Ganzi 8 TJ-Ⅱ 0.1659 0.1243
53014 Yunnan Lijiang 4 TJ-Ⅱ 0.5321 0.0872
53043 Yunnan Chuxiongju 5 TJ-Ⅱ 0.0147 0.0600
54001 Xizang Lasa 1 TJ-Ⅱ 0.4974 0.0311
61001 Shanxi Xi'an 5 TJ-Ⅱ 0.7687 0.0182
Table 6 e (continued )
Station ID Station name Point ID Instrument model Tidal factor
a
Relative mean error
sa/a
Relative noise level M1
65015 Xinjiang Korla 7 SS-Y 1.2224 0.0144 0.0096
65047 Xinjiang Jinghe 0 SSY-Ⅱ 0.2693 0.1579 0.0139
65062 Xinjiang Fukang 1 SS-Y 1.3193 0.0189 0.0124
65096 Xinjiang Yushugou s SS-Y 2.1339 0.0113 0.0113
65102 Xinjiang Aletai 2 SS-Y 0.8657 0.0107 0.0054
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Table 8 e Evaluation of the quality of the borehole component strain observation in 2014.
Station ID Station name Point ID Instrument model Tidal factor
a
Relative mean error
sa/a
Self-calibration internal precision
04001 Beijing Changping 8 YRY-4 0.6440 0.0564 Component missing
11086 Beijing Shunyi 2 YRY-4 0.2338 0.0678 Component missing
11088 Beijing Pinggu 3 YRY-4 0.5493 0.0341 Component missing
13010 Hebei Yixian 9 YRY-4 1.0368 0.1183 0.2662
21007 Liaoning Yingkou D RZB-2 0.1012 0.0102 0.1601
22013 Jilin Dunhua 2 RZB-2 0.0150 0.0233 0.2055
22014 Jilin Tonghua 6 YRY-4 2.6064 0.0110 0.033
31001 Shanghai Sheshan 5 YRY-4 2.1147 0.0108 0.134
32004 Jiangsu Xuzhou 2 YRY-4 1.7984 0.0103 0.0618
32039 Jiangsu Jiangning 1 YRY-4 2.3082 0.0113 0.1682
33048 Zhejiang Changshan 1 YRY-4 13.7054 0.0205 0.1087
33051 Zhejiang Anji 1 YRY-4 2.4433 0.0475 0.0618
37001 Shandong Taian B YRY-4 1.7873 0.0962 Component missing
37014 Shandong Rongcheng 4 RZB-2 0.0628 0.0098 0.1842
42004 Hubei Macheng 2 YRY-4 1.8851 0.0036 Component missing
42007 Hubei Xiangfan 1 YRY-4 1.0530 0.0222 0.0838
45002 Guangxi Lingshan 7 RZB-2 0.0169 0.1405 0.2689
45003 Guangxi Yongning 8 RZB-2 0.0156 0.0548 0.1389
50007 Chongqing Hechuan 1 YRY-4 1.0273 0.3426 Component missing
50009 Chongqing Shizhu 2 RZB-2 0.0151 0.0174 0.1032
50013 Chongqing Wanzhou 3 RZB-2 0.0204 0.0315 0.1349
50014 Chongqing Fengjie 1 RZB-2 0.0031 0.5909 0.5375
50020 Chongqing Liangping 1 RZB-2 0.0175 0.0200 0.1936
50024 Chongqing Banan 1 RZB-2 0.0158 0.0307 0.6465
50026 Chongqing Dianjiang 1 RZB-2 0.0032 0.3779 0.1912
51004 Sichuan Renhe 1 YRY-4 1.3824 0.0099 0.0473
51009 Sichuan Xiaomiao 4 YRY-4 0.6334 0.0640 0.0749
51010 Sichuan Guzan 5 YRY-4 0.5454 0.0407 0.1315
51304 Sichuan Jinhe 1 YRY-4 0.7843 0.1098 0.0974
53002 Yunnan Tengcohng 8 YRY-4 0.3389 0.0740 0.05
53006 Yunnan Yoongsheng 2 YRY-4 0.8853 0.0240 0.1365
53022 Yunnan Zhaotong 8 YRY-4 0.5595 0.0406 0.0547
53200 Yunnan Guiyang 4 YRY-4 2.6819 0.0362 0.0603
62003 Gansu Gaotai 5 YRY-4 1.3411 0.0133 0.0415
62044 Gansu Tianshui 6 RZB-2 0.0159 0.0170 0.2334
62047 Gansu Jingning 6 RZB-2 0.0118 0.0219 0.1912
62053 Gansu Linxia 1 YRY-4 3.2198 0.0106 0.0479
63001 Qinghai Geermu 3 YRY-4 0.5584 0.0363 0.054
63010 Qinghai Delhi 4 YRY-4 0.9606 0.0523 0.1765
63018 Qinghai Huangyuan 3 YRY-4 2.5211 0.0083 0.0728
63020 Qinghai Menyuan 2 YRY-4 2.0091 0.0498 Component missing
63026 Qinghai Ledu 4 YRY-4 1.7721 0.0191 0.0926
63027 Qinghai Yushu 3 YRY-4 0.9501 0.0174 0.0768
64002 Ningxia Yinchuan 2 YRY-4 0.2223 0.5715 0.4999
64021 Ningxia Haiyuan 2 YRY-4 0.5470 0.0197 0.0745
65012 Xinjiang Wushi 0 RZB-2 0.1407 0.1786 0.2721
Table 7 e (continued )
Station ID Station name Point ID Instrument type Tidal factor
a
Relative mean error
sa/a
61003 Shanxi Qianling 2 TJ-Ⅱ 0.5663 0.0211
61012 Shanxi Ningxia 2 TJ-Ⅱ 2.3900 0.0045
61013 Shanxi Ankang 2 TJ-Ⅱ 1.1055 0.0155
62142 Gansu Yingge 2 TJ-Ⅱ 0.9478 0.0155
62145 Ningxia Sitan 1 TJ-Ⅱ 0.1858 0.0602
64014 Ningxia Guyuan 2 TJ-Ⅱ 0.5345 0.0411
65012 Xinjiang Wushi 2 TJ-Ⅱ 0.7875 0.0305
65014 Xinjiang Tiemenguan 1 TJ-Ⅱ 1.5340 0.0075
65016 Xinjiang Wenquan 6 TJ-Ⅱ 0.8822 0.0157
65103 Xinjiang Machang 2 TJ-Ⅱ 0.6531 0.0246
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Appendix 1. Main instruments used for tilt and
strain observations.Instrument name Type Data sampling rate Operation conditions Number in operation (set)
Water tube tiltmeter DSQ Minute Cave 113
Horizontal pendulum tiltmeter SQ, JB Hour Cave 12
Horizontal pendulum tiltmeter SSQ2I, SQ70D Minute Cave 50
Vertical pendulum tiltmeter VS Minute Cave 61
Vertical pendulum tiltmeter VP Second Cave 36
Borehole tiltmeter CZB Minute Underground borehole 35
Cave strain extensometers SS-Y Minute cave 111
Volume strainmeters TJ Minute Underground borehole 72
Component strainmeters YRY-4 Minute Underground borehole 42
Component strainmeters RZB Minute Underground borehole 20Appendix 2
Hourly data from the tilt and strain observations during
2014 (refer to the data compression package).Administrative unit Station name Instrum
Gansu Linxia General CZ
Gansu Yingge CZ
Gansu Sitan General CZ
Gansu Hengliang CZ
Yunnan Lijiang SS
Gansu Shilidian, Lanzhou SS
Qinghai Yushu SS
Jilin Shuangyang VS
Qinghai Yushu VS
Xinjiang Shichang VP
Inner Mongolia Baochang VP
Liaoning Chaoyang VP
Liaoning Liaoyang SS
Liaoning Fushun SS
Jilin Panshi SS
Xinjiang Astronomical Station TJ-
Heilongjiang Hegang TJ-
Shanghai Zhashan TJ-
Shandong Yishui TJ-
Hebei Shexian TJ-
Institute of Earthquake Science Changping TJ-
Sichuan Luzhou YR
Liaoning Yingkou YRAppendix 3. Instruments that produced
unusable data (2014).ent type Causes of unusable data and suggested
solutions
B Malfunction, damage, and abnormal operation of the
instrument lead to data interruption; instrument
repair or upgrade is suggested
B
B
B
Q2I
Q2I Incorrect instrument scale values; maintenance of
calibration devices and use of correct scale
values are suggested
Q2I
Malfunction, damage, and abnormal operation of
the instrument leading to data interruption;
instrument repair or upgrade is suggested
Lack of minute-desampling data alongside
second-sampling raw data; this station
should use higher-privileged accounts
during data processing
-Y Malfunction, damage, and abnormal
operation of the instrument leading to data
interruption; instrument repair or upgrade
and enhancement of lightning protection
measures are suggested
-Y
-Y
2
2
2
2
2
2
Y-4
Y-4
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Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.geog.2015.12.007.r e f e r e n c e s
[1] Zhengyuan Li, Defu Chen, Yilin Wu, Xiaojun Li. Studies of
characteristics selection for earthquake tilt precursor data
and their classification effects. Acta Seismol Sin
1996;18(4):470e4 [in Chinese].
[2] Niu Fu’an, Zhang Lingkong, Yan Wei, Ji Ping. The capacity of
borehole strain observation in China and its applications in
earthquake prediction. Geodesy Geodyn 2011;31(2):48e52 [in
Chinese].
[3] Li Zhengyuan, Chen Zhiyao, Wu Yun, Song Yanyun. Technical
system of digital crustal deformation network in China.
Geodesy Geodyn 2005;25(2):130e5 [in Chinese].
[4] GB/T 19531.3. Technical requirement for the observational
environment of seismic stations. Part 3 crustal deform obs.
2004 [in Chinese].[5] Beaumont C, Berger J. Earthquake prediction: modification of
the earth tide tilts and strains by dilatancy. Geophys J Roy
Astron Soc 1974;39:111e21 [in Chinese].
[6] DB/T 45. The method of earthquake-related crustal
deformation monitoring e crustal tilt observation. 2012
[in Chinese].
[7] DB/T 46. The method of earthquake-related crustal
monitoring e crustal strain observation in horizontal tunnel.
2012 [in Chinese].
[8] DB/T 54. The method of earthquake-related crustal
deformation monitoring e strain monitoring in borehole. 2013
[in Chinese].
Chen Zhiyao is a researcher in the Institute
of seismology, China Earthquake Adminis-
tration. Her research interest is the crustal
deformation observation technology appli-
cation, the earthquake monitoring network
management and geophysics and crustal
deformation observation instrument
design. She hosted one national standard
compilation and participated in compiling
13 standards of earthquakes industry.
